The interaction between two-dimensional (2D) materials and light is rather weak due to their ultrathin thickness. In order for these emerging 2D materials to achieve performances that are comparable to those of conventional optoelectronic devices, the light-material interaction must be significantly enhanced. An effective way to enhance the interaction is to use optical resonances. Efficient light absorption has been demonstrated in a single layer of graphene based on a variety of resonators. However, the bandwidth of the absorption enhancement is always narrow, which limits its application for optoelectronic devices. In order to broaden the enhancement of light-material interaction, here we propose a multipleresonator approach based on nanostructured graphene. These nanostructures having different geometry support resonances at different frequencies. Owing to their deep subwavelength sizes, graphene resonators can be closely packed in space, resulting in a high optical density of states, which enables the broadband light absorption. 
Introduction
Emerging two-dimensional (2D) materials such as graphene have promising potentials for optoelectronic applications because of their unique electronic band structures and low dimensionality, which allows ultra-fast injection and extraction of charge carriers, enabling efficient energy conversion between electrons and photons [1] [2] [3] . However, their ultrathin feature limits the amount of time for photons interacting with the materials, resulting in an overall weak light-material interaction. For instance, the absorptance of a single layer of graphene is approximately 2.3% [4] , which is impressive considering that it is absorbed by a single layer of atoms. But it is still too low to be useful for efficient optoelectronic devices. The light-material interaction must be significantly enhanced in order for 2D materials to achieve device efficiencies that are comparable to those based on conventional thick semiconductors.
Optical resonance has been employed as an effective means for enhancing the lightmaterial interaction in conventional optoelectronic devices. There has been a great amount of recent interest in applying resonant enhancement in 2D materials. Existing methods can be divided into two categories. The first relies on conventional dielectric materials to construct optical resonators, such as Fabry-Perot cavities based on distributed Bragg reflectors [5] and guided resonances in photonic-crystal slabs [6, 7] . These approaches generally require sophisticated nanofabrication. The second category is based on the intrinsic plasmonic resonances. For instance, nanostructured graphene such as nano disks and ribbons support localized plasmonic resonances [8] [9] [10] , particularly in the mid and far infrared spectral regimes. Such resonators do not require any additional dielectric material. Moreover, their resonant properties can be easily tuned by changing the geometrical shape. In both methods, 100% light absorption has been shown by operating the resonators at the critical coupling condition [6, 11] .
However, there has been one significant challenge existing in both aforementioned methods in that the efficient light absorption can only be achieved in a narrow spectral range, which is limited by the bandwidth of a single type of resonator. For instance, the full width at half maximum (FWHM) of the perfect absorption reported in [11] is only about 6% of the resonant frequency. To overcome the bandwidth limitation, we design a multi-resonator approach based on plasmonic resonances of graphene. Compared to their resonant wavelengths, these graphene resonators have extremely small sizes, allowing multiple resonators with different frequencies to be densely packed in space. Each type of resonators is responsible for the enhancement of light-matter interaction in a limited bandwidth. Together, they offer an efficient broadband light absorption in a single layer of graphene. These closely packed deep-subwavelength resonators create an ultrathin medium with a high optical density of states [12] [13] [14] [15] [16] , which enables broadband light absorption. The broadband absorption demonstrated here is one important step toward efficient 2D-material optoelectronic devices. Figure 1 illustrates the concept of broadband light absorption based on multiple resonators. A large area is covered by arrays of nanoresonators. These nanoresonators could be constructed by for example, a nanodisk of single-layer graphene. We use absorption cross-section a σ to characterize the absorption of individual nanoresonators. a σ is conceptually illustrated by the dashed circles in Fig. 1(a) . Light falling within the circle is fully absorbed by the resonator. For efficient absorption over a large area, the dashed circles have to fill the most part of the space as shown in Fig. 1(a) , which can be achieved if a σ is larger than the geometrical size g σ of the resonator. Arrays of the same type of resonators as in Fig. 1(a) have been used to achieve efficient absorption with resonators made from high-index semiconductors [17] and single-layer graphene [11] . Since the absorption cross-section decreases significantly away from the resonant frequency, only narrow-band absorption can be achieved in this way.
General strategy
In order to broaden the spectral bandwidth, one has to rely on multiple resonators with different resonant frequencies [12] . Then a significant challenge arises because of the limited space to accommodate different types of resonators. To illustrate this point, we show three closely packed nanoresonators of different frequencies in Fig. 1(b) . Their absorption crosssections are coded with different colors to represent different resonant frequencies. When the geometrical sizes g σ are only slightly smaller than a σ , the dashed circle of can be significantly smaller than the a σ as shown in Fig. 1(c) , one can place resonators closely with each other with their absorption cross-sections overlapping in space. When packed in arrays, dashed circles of each color can fill the space, resulting in efficient absorption in a broader spectral range. Base on this analysis, it is evident that the key to achieve broadband absorption is to realize a large / a g σ σ ratio.
To evaluate the ratio / a g σ σ , we can use a coupled mode theory [18] to derive the general form as However, in 2D materials that support plasmonic resonances, such as graphene, the geometrical size g σ can be hundreds times smaller than the wavelength [19] , leading to a unique opportunity to achieve a large / a g σ σ .
In addition to the requirement of a large ratio / a g σ σ , we also need analyze the near-field interaction among closely packed resonators. As we will show later, the near-field interaction introduces spectral competition of absorption cross-sections and often negatively impacts the absorption. The near-field interaction can be minimized by judiciously arranging the spatial configuration of nearby nanoresonators, the details of which will be discussed later.
Single graphene nanoresonators
Based on the general strategy outlined above, we now demonstrate a specific example based on graphene nanoresonators. Localized plasmonic resonances in graphene nanostructures exhibit extremely strong light confinement. The sizes of nanoresonators are often hundreds times smaller than the free-space wavelength [20] . Since a σ is determined by the free-space 
with F E being the chemical potential and τ the relaxation time. Here, only the intraband transition is considered and the interband transition is neglected because
is satisfied in the frequency range of interest. The size of the graphene resonator is 100 nm × 100 nm and the doping level of graphene is assumed to be 0.6eV The simulated absorption cross-section is shown in Fig. 2(a) . The coupled mode theory shown in Eq. (1) agrees extremely well with the simulation result. The coupling and absorption rates can easily be extracted from the fitted curve in Fig. 2(a) . Most importantly, the resonant absorption cross-section of 5.2 × 10 5 nm 2 is more than 50 times larger than the geometrical size of 10 4 nm 2 . Such a large ratio is not a result of any special choices of the shape or the size. In fact, we can see from Fig. 2(b) that the ratio stays around 40 for square sizes ranging from 50 nm to 100 nm. It is very difficult to achieve such a large ratio in conventional dielectric materials. For most dielectric materials, such as Si and Ge, a σ is only slightly larger than g σ [13] . Even though . When the size increases, the coupling rate increases while the absorption rate remains about the same. To operate closer to the critical coupling condition, one could decrease the absorption rate by increasing the mobility of carriers in graphene.
To take advantage of the large ratio of / a g σ σ , we need a set of resonators of different frequencies, which can be easily achieved by tuning the shape of nanostructures. A graphene square supports two degenerate states that can be excited by x-or y-linearly polarized light. The degeneracy is lifted when one side of the square increases as shown in Fig. 2(d) . The xpolarized resonance as in the lower inset of Fig. 2(d) shows a red shift as the size increases due to the first and also the dominant factor which is the length change along the polarization direction of the electric field. To the contrary, the y-polarized resonance as in the upper inset of Fig. 2(d) undergoes a blue shift. Since the length of the resonator in y-direction is fixed, changing length in x-direction does not affect the spatial length of the dipolar resonance. As a consequence, the second and the next dominant factor which is the perturbation effect [23] will take place and increase the resonant frequency due to negative dielectric constant of graphene.
Arrays of multiple graphene nanoresonators
So far, we have focused on the properties of individual nanoresonators. To obtain large-area light absorption, we need to use periodic arrays of graphene resonators. First, we discuss arrays that consist of a single type of resonator, which has been investigated in many previous works [11, 24, 25] . In contrast to these works, our focus here is to interpret the absorption based on the absorption cross-section. First, we show how the density of the nanoresonator affect the total large-area absorption by using an example of periodic arrays. The period p dictates the spatial density of resonators and thus how the absorption cross-sections fill the space. Figure 3 shows the simulated absorption of arrays of graphene squares. For very large periods, the absorption cross-sections (See dashed circles in Fig. 1 ) cannot fill the entire space and the large-area absorption is well below 100%. When p decreases, the large-area absorption increases because the absorption cross-sections can fill more of the space. 100% absorption is achieved when p is around 400 nm. It is interesting to note that the absorption does not increase monotonically with a decreasing p. We can use the coupled mode theory to understand such trend. Because of the presence of a back mirror and a period that is smaller than the wavelength, these resonators only radiate light into one direction [26] . As a result, one can calculate the large-area absorption as [6] ≥ . The absorption then starts to decrease. The above analysis shows that overcrowded resonators in space actually reduces large-area absorption. This observation connects well with the effect of spectral competition to be discussed below.
For broadband absorption, we place multiple resonators of different frequencies in the unit cell. Ideally, each type of resonators can still absorb the same amount of light as the case when they are not placed together. However, the near-field interaction results in undesirable spectral competition. To quantify such competition, we define the spectral cross-section [14] 
It measures the total broadband absorption. Similar to the absorption cross-section a σ , ρ has an upper limit that is determined by the number of types of resonator [14] . We next use a specific example to illustrate the result of the spectral competition. We consider two types of resonators, A and B as shown in the inset of Fig. 4(a) . Both are 100 nm long. Resonator A and B are 60 nm and 50 nm wide, respectively. The period is fixed at 850 nm. When the unit cell only has the A-type resonator, the absorption spectrum is shown by star markers (red) in Fig. 4(a) . The case for B-type is shown by the circular markers (black).
( ) A B ρ can be easily calculated to measure the broadband absorption. Now, we place both A-and B-type resonators together in the unit cell with a spacing of d = 50 nm between them. The absorption spectrum is shown by the solid blue line in Fig. 4(a) . The spectral cross-section AB ρ can also be calculated. It turns out that
because of the coupling between the two resonators. The coupling can be visualized by the field distribution at the two resonant peaks where the fields spread over two squares at both resonant frequencies as depicted in Fig. 4(a) insets. These two nanoresonators compete for the absorption, resulting in a total spectral cross-section AB ρ that is smaller than the linear ρ ρ ρ + approaches 1. However, using large spacing to improve light absorption is a waste of the precious empty space between those resonators. These empty spaces are afforded by the deep sub-wavelength-sized resonators and should be used to fill more resonators with different frequencies to broaden the absorption bandwidth. To overcome this challenge, we use frequency detuning to suppress the spectral competition when the inter-resonant distance is small. As described in the perturbation theory [27] , the effect of the coupling between resonant modes decreases when the difference between two resonant frequencies increases. To illustrate this point, we consider two graphene nanoresonators with quite different sizes. They are closely spaced in space, but their resonant frequencies are well separated. The spectral competition can be kept minimal. As shown in Fig. 5(a) , the absorption spectrum (solid line) for the array consisting of both resonators is very close to the linear summation of the spectra of arrays that only consist of individual resonators (markers). The field distributions in the inset of Fig. 5(a) Figure 5(b) shows that the general strategy of optimal spatial configuration is to place resonators of large frequency detuning closer and to keep resonators with similar frequencies far away. Following the strategy outlined above, we next show an example of broadband absorption in a single layer of graphene. The unit cell in Fig. 6 (a) has 29 graphene resonators and the period is 850 nm. The sizes of these resonators are all deep sub-wavelength. There are 15 different types of resonators. The substrate is the same as used in Fig. 1 . In particular, we place graphene resonators of similar sizes sparsely and resonators of different sizes closely. This arrangement is to reduce the spectral competition. THz. It consists of 17 resonant peaks, a number close to the number of types of the resonators. For comparison purpose, the dashed line in Fig. 6(b) shows the absorption of optimized arrays of a single type of resonators. The bandwidth is rather limited. In contrast, the multiple resonators approach significantly broadens the bandwidth. The total spectral absorption crosssection is enhanced by 4.6 times compared to the single resonator case. Here, we use a relatively high mobility for graphene μ = 10,000 cm 2 V −1 s −1 . Higher mobility generally increases the light absorption because resonators can operate closer to the critical coupling condition. For experimental realization with graphene synthesized by chemical vapor deposition, the mobility is generally lower due to line defects originating from grain boundaries [28] . When mobility decrease, loss starts to increase and thus quality factor will decrease which leads to lower absorption peak and broader spectral width. In spite of low mobility, the broadband absorption enhancement can still be observed even when the mobility is only 1,000 cm 2 V −1 s −1 shown by solid curve (green) in Fig. 6(b) .
Conclusion
In conclusion, we show a design based on multiple graphene nanoresonator to achieve broadband light absorption. There are two key factors. First, the absorption cross-section needs to be significantly larger than the geometrical size of the nanoresonators. This requirement ensures that many resonators can be packed together such that their absorption cross-sections at different frequencies can all fill the space. Graphene nanoresonators are particularly attractive in that the sizes of graphene resonators can be in the deep subwavelength regime with a very high ratio between the absorption cross-section and the geometrical size. Second, we need to arrange the spatial configuration of resonators to suppress spectral competition. For this purpose, a resonator should be neighbored by resonators with different frequencies. Again, graphene nanoresonators afford great tunability through changing the geometrical size. By fulfilling these two requirements, we show one example of broadband graphene absorber with an averaged absorption above 20% with a relative bandwidth of 29%, significantly higher than that of arrays of a single type of resonators. This method can also be applied to other deep sub-wavelength nanoresonators to enhance broadband light-matter interaction in ultrathin materials.
